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The adhesion paradox refers to the observation that for most solid objects no adhesion can be
detected when they are separated from a state of molecular contact. The adhesion paradox re-
sults from surface roughness, and we present experimental and theoretical results which shows that
adhesion in most cases is ”killed” by the longest wavelength roughness.
Adhesion experiments between a human finger and a clean glass plate were carried out, and for a
dry finger, no macroscopic adhesion occurred. We suggest that the observed decrease in the contact
area with increasing shear force results from non-adhesive finger-glass contact mechanics, involving
large deformations of a complex layered material.
1 Introduction
All solids have surface roughness extending over many
decades in length scale, which has a large influence on
most tribology topics, such as adhesion, boundary and
mixed lubrication and the leakage of seals. Surface rough-
ness is the main reason for why macroscopic solid ob-
jects usually do not adhere to each other, in spite of the
strong force fields which act at the atomic length scale
between all atoms; this fact is referred to as the adhe-
sion paradox[1]. Strong adhesion between two macro-
scopic objects is observed only if both solids have very
smooth surfaces, and if at least one of the solids is elasti-
cally very soft. In Nature insects, lizards and tree frogs,
have “learned” (via natural selection) how to construct
soft adhesion pads from stiff materials using hierarchical
building principles[2, 3].
In this paper we will address two topics which recently
have been discussed controversially in the literature[4–6].
We first present experimental and theory results show-
ing that adhesion is “killed” mainly by the longest wave-
length roughness. This is the reason for why small par-
ticles may adhere strongly (agglomerate), while macro-
scopic solids of the same material may show no adhesion
during approach or separation. We also present experi-
mental results for adhesion between a human finger and a
glass plate, which is relevant for haptic applications[7, 8].
2 Experimental
Sandblasting and surface topography
We have sandblasted two polymethymethacrylate
(PMMA) sheets with glass beads (spherical particles with
smooth surfaces) of diameter ≈ 10 µm for a time ranging
from 1 − 4 minutes using 5 − 8 bar air pressure. The
topography measurements were performed with Mitu-
toyo Portable Surface Roughness Measurement device,
Surftest SJ-410 with a diamond tip with the radius of
curvature R = 1 µm, and with the tip–substrate repul-
sive force FN = 0.75 mN. The lateral tip speed was
v = 50 µm/s.
From the the measured surface topography (line
scans), z = h(x), we calculated the one-dimensional (1D)
surface roughness power spectra defined by
C1D(q) = 1
2pi
∫ dx ⟨h(x)h(0)⟩eiqx
where ⟨..⟩ stands for ensemble averaging. For surfaces
with isotropic roughness the two dimensional (2D) power
spectrum C(q) can be obtained directly from C1D(q) as
described elsewhere[9, 10]. For randomly rough surfaces,
all the (ensemble averaged) information about the surface
is contained in the power spectrum C(q). For this reason
the only information about the surface roughness which
enter in (analytic) contact mechanics theories (with or
without adhesion) is the function C(q).
Replicating roughness of PMMA on PDMS
The sandblasted PMMA surfaces was cleaned with dis-
tilled water and then dried. We produced elastomer repli-
cas of the two rough surfaces, and of a smooth PMMA
surface, using Sylgard 184 Polydimethylsiloxane (PDMS)
obtained from Dow Corning. This elastomer is obtained
from two liquid components, a pre-polymer base, B, and
a crosslinking agent, C. The two components can be
mixed in varying ratios to obtain desired elastic prop-
erties. For our purpose we prepared PDMS by choosing
C:B ratio of 1:10. We poured the PDMS fluid on the
smooth and sandblasted PMMA surfaces and kept it on
a heated plate maintained at 70 ○C for 24 hrs. After
this curing process, we slowly removed the (1 cm thick)
PDMS sheets from the PMMA surfaces. It has been
shown in the past that PDMS can replicate roughness
down to the nanoscale[11, 12].
Adhesion measurement
We have studied the adhesion interaction between a
spherical glass ball (diameter 2R = 2.5 cm) and the
PDMS rubber sheets. In the experiments we brought a
glass ball into contact with a rubber substrate as shown
in Fig. 1. The rubber sample is positioned on a very
accurate balance (analytic balance produced by Mettler
Toledo, model MS104TS/00), which has a sensitivity of
0.1 mg (or ≈ 1 µN). After zeroing the scale of the in-
strument we can measure the force on the substrate as a
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FIG. 1: The Ju¨lich experimental set-up for measuring adhe-
sion.
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FIG. 2: The green, red and blue lines shows the wavenum-
ber dependency of the 1D surface roughness power spectra
for the smooth, sandblasted 1 and sandblasted 2 surfaces, re-
spectively (log-log scale).
function of time which is directly transferred to a com-
puter at a rate of 10 data points per second.
To move the glass ball up and down we have used an
electric motor coiling up a nylon cord, which is attached
to the glass ball. The pulling velocity as a function of
time can be specified on a computer. In the experiments
reported on below the glass ball is repeatedly moved up
and down with the speed 25 µm/s, for up to ∼ 25 contact
cycles, involving a measurement time of up to 20 hours.
The adhesion between human finger and smooth glass
plate in dry state was studied in setup described above
by application of ≈ 0.6 N force nominally on the smooth
glass plate by finger and then slowly removing the finger
away from the glass plate. The glass plate was cleaned
with acetone and isoprapanol and the human finger of
one of the authors was cleaned with soap water before
each experiment. For adhesion in water a drop of water
was placed on the glass plate and then the procedure
same as the dried state was repeated.
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FIG. 3: The interaction force between the glass ball and the
three PDMS surfaces. The green, red and blue lines are for
the smooth, sandblasted 1 and sandblasted 2 surfaces, respec-
tively. Note that no adhesion can be detected on approach,
and for the sandblasted 2 surface also not during pull-off (re-
traction).
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FIG. 4: The work of adhesion as a function of the number
of contacts for the smooth PDMS surface (green squares) and
for the sandblasted surface 1 (red squares).
3 Role of surface roughness at different length
scales on adhesion
Due to the surface roughness, which exist on all solid
objects, adhesion between macroscopic solid bodies is
usually not observed. The reason is that to make con-
tact the solids must deform at the contacting interface,
and this stores up elastic energy at the interface which
is given back during separation of the solids, and help
to break the atomic bonds at the contacting interface.
The elastic energy required to bend the surface of a
solid (with the Young’s elastic modulus E) so that it
fills out a cavity of width λ and depth h << λ is of
order Eel ≈ λ3E(h/λ)2 = λh2E, while the gain in ad-
hesion energy is Ead ≈ λ2∆γ, where ∆γ is the work
of adhesion (the energy per unit surface area to sep-
arate two flat surfaces of the two materials involved).
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FIG. 5: The effective interfacial binding energy (per unit
surface area), or work of adhesion, as a function of the mag-
nification (lower scale) or the wavenumber (upper scale). Note
that γ(ζ) at the magnification ζ is the interfacial binding en-
ergy including only the roughness components with q > ζq0
(where q0 is the smallest wavenumber). The red and green
line is for the roughness on the elastic solid and rigid solid,
respectively. In the calculation we used ∆γ = 0.1 J/m2 and
E∗ = 1.0 MPa.
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FIG. 6: The projected area of real contact A, normalized
by the nominal contact area A0, as a function of the nominal
applied (squeezing) pressure. The red and green line is for
the roughness on the elastic solid and rigid solid, respectively.
The black line is the result without adhesion.
Here we have used that the elastic strain  ≈ h/λ and
that the deformation field extend over a volume ≈ λ3.
The ratio Eel/Ead = (E/∆γ)(h2/λ). If we consider cav-
ities of different size but with the same ratio h/λ then
Eel/Ead ∼ λ i.e. the elastic energy will dominate over the
adhesive energy at large enough length scales λ. This is
the basic reason adhesion is not observed in most cases
for macroscopic solids even if adhesion may be strong
for small solid objects (e.g. nanoparticles) of the same
material[13–15]. It is the reason why small particles may
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FIG. 7: The green, red and blue lines shows the wavenum-
ber dependency of the 2D surface roughness power spectra
for the smooth, sandblasted 1 and sandblasted 2 surfaces, re-
spectively (log-log scale). The dashed vertical line indicate
the lower cut-off wavenumber used in the adhesion calcula-
tions.
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FIG. 8: The effective interfacial binding energy (per unit sur-
face area), or work of adhesion, as a function of the magnifica-
tion (lower scale) or the wavenumber (upper scale). Note that
γ(ζ) at the magnification ζ is the interfacial binding energy
including only the roughness components with q > ζq0 (where
q0 is the smallest wavenumber). The green, red and blue lines
are for the smooth, sandblasted 1 and sandblasted 2 surfaces,
respectively. In the calculation we used ∆γ = 0.2 J/m2 and
E = 2.3 MPa, ν = 0.5.
agglomerate into bigger particles, while macroscopic bod-
ies made from the same materials may not adhere at all.
Here we will present experimental results and calcula-
tions illustrating this fundamental conclusion.
3.1 Experimental results
We have produced (nearly) randomly rough Poly-
methylmethacrylat (PMMA) surfaces using sandblast-
ing. From theories of growth (or here erosion) one ex-
4pect the root-mean-square (rms) roughness to increase
continuously with the sandblasting time, with a roll-off
in the surface power spectrum which is moving to longer
wavelength (shorter wavenumber) with increasing sand-
blasting time[16, 17]. Thus theory predicts that the short
wavelength roughness is independent of the sandblasting
time, while more longer-wavelength roughness is added
with increasing sandblasting time. We have observed the
same effect by varying the kinetic energy of the sand-
blasting particles.
The green, red and blue lines in Fig. 2 shows the
wavenumber dependency of the 1D surface roughness
power spectra for a smooth PMMA surface, and of two
sandblasted surfaces (denoted 1 and 2), respectively (log-
log scale). The surface 1 was sandblasted for 4 minutes
using 5 bar air pressure, and the surface 2 for 1 minute
using 8 bar air pressure. Note that the large wavenumber
(short wavelength) power spectra of the two sandblasted
surfaces are the same while for small wavenumber the
surface 2 has a larger power spectrum, which is reflected
in the rms-roughness amplitude which is 0.78 µm and
1.73 µm for surface 1 and 2, respectively. The rms-slope
is determined mainly by the short wavelength roughness
and are nearly the same (0.18 and 0.22, respectively).
The rms slope of the smooth surface is much smaller,
0.04.
Using the adhesion set-up described in Sec. 2 we have
measured the pull-off force between the glass ball and
the smooth and rough (surface 1 and 2) PDMS rubber
surfaces. Fig. 3 shows the interaction force between the
glass ball and the three PDMS surfaces during one con-
tact. The green, red and blue lines are for the smooth,
sandblasted 1 and sandblasted 2 surfaces, respectively.
Note that no adhesion can be detected on approach for
any of the surfaces, and for the sandblasted 2 surface also
not during pull-off (retraction). That is, the additional
long-wavelength roughness of the surface 2 as compared
to the surface 1, has killed the macroscopic adhesion,
while surface 1 shows a pull-off force roughly half as large
as for the smooth PDMS surface.
Using the Johnson-Kendall-Roberts (JKR) theory,
from the pull-off force Fc we can obtain the work of ad-
hesion
Fc = 3pi
2
γR
In Fig. 4 we show the work of adhesion γ to separate the
surfaces as a function of the number of contacts for the
smooth PDMS surface (green squares) and for the sand-
blasted surface 1 (red squares). For surface 2 the work
of adhesion to separate the surfaces vanish. The work of
adhesion during approach (contact formation) vanish for
all three surfaces, i.e., strong contact hysteresis occur in
all cases. Note also that the work of adhesion to separate
the surfaces drops with the number of contacts, which we
attribute to transfer of uncrosslinked molecules from the
PDMS to the glass ball, which has been observed also for
other rubber compounds[14, 18, 19].
3.2 Theory results
The two rough PDMS surfaces used above have large
roll-off regions, which have a small influence on the ad-
hesion. We therefore first illustrate the role of differ-
ent length scales on adhesion with a case without a roll-
off region. We consider a self-affine fractal surface with
the fractal dimension 2 which imply that the ratio be-
tween the amplitude and the wavelength is the same inde-
pendent of the wavelength of the roughness component.
Thus on a log-log scale the 2D power spectra as a func-
tion of the wavenumber is a straight line with the slope−4 (see Ref. [3]). We assume the small and the large
cut-off wavenumbers q0 = 104 m−1 and q1 = 109 m−1. The
surface has the rms-roughness 10 µm and the rms-slope
0.48.
Fig. 5 shows the effective interfacial binding energy
(per unit surface area), or work of adhesion, as a func-
tion of the magnification (lower scale) or the wavenumber
(upper scale). Note that γ(ζ) at the magnification ζ is
the interfacial binding energy including only the rough-
ness components with q > ζq0 (where q0 is the smallest
wavenumber). The red and green line is for the roughness
on the elastic solid, and on the rigid solid, respectively.
In the present case γ(ζ) vanish before reaching the ζ = 1,
i.e., there is no macroscopic pull-off force for either case.
Note that the drop in γ(ζ) is due to the longer wave-
length part of the roughness spectra. In fact, for the
case where the roughness occur on the rigid surface, the
short wavelength part of the roughness spectra enhances
the work of adhesion γ(ζ) for large ζ. This effect is due
to the increase in the surface area (we have assumed that
the interfacial binding energy per unit surface area is un-
changed by the increase in the surface area, which may
hold for rubber-like materials as they have a thin surface
layer with liquid-like mobility).
Since there is no macroscopic adhesion, γ(1) = 0, the
contact area will vanish continuously as the applied nom-
inal contact pressure approach zero. This is shown in Fig.
6. The figure shows the projected area of real contact A,
normalized by the nominal contact area A0, as a function
of the nominal applied (squeezing) pressure. The red and
green line is for the roughness on the elastic solid and on
the rigid solid, respectively. When macroscopic adhesion
occur, i.e., γ(1) > 0, the area of real contact is non-zero
also when the applied pressure vanish. See Ref. [20–22]
for results illustrating this.
Note that even if the macroscopic adhesion vanish (no
pull-off force), the area of real contact is increased by the
adhesion. This implies, for example, that the adhesive
interaction will increase the sliding friction force even if
no adhesion can be detected in a pull-off experiment.
Next, let us consider the work of adhesion between
the silica glass ball and the smooth and rough PDMS
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FIG. 9: The interaction force between a human finger and a
dry glass plate cleaned by acetone and isopropanol. Case (a)
(red curve) is for a not cleaned finger, (b) (green curve) for a
finger cleaned with soap water and (c) (blue curve) for a clean
wet finger. In case (a) and (b) no (macroscopic) adhesion is
observed, while in case (c) do we observe adhesion with a
pull-off force Fc ≈ 5.5 mN.
surfaces studied above. From the 1D surface roughness
power spectra shown in Fig. 2 we first calculated the 2D
surface roughness power spectra shown in Fig. 7. Using
the Persson contact mechanics theory[21], in Fig. 8 we
show the calculated effective interfacial binding energy
(per unit surface area), or work of adhesion, as a func-
tion of the magnification (lower scale) or the wavenumber
(upper scale). In the calculation we have used the low
wavenumber cut-off q0 indicated by the dashed vertical
line in the figure. We have choosen q0 ≈ 2pi/r0, where
r0 ≈ 0.38 mm is the JKR radius of the circular contact re-
gion at the point of snap-off for the PDMS surface 1. The
green, red and blue lines are for the smooth, sandblasted
1 and sandblasted 2 surfaces, respectively. In agreement
with the experiments, the surface 2 has vanishing macro-
scopic (ζ = 1) interfacial binding energy, while the sur-
face 2 has γ(1)/∆γ ≈ 0.4 close to the observed value for
the first contact ≈ 0.083/0.201 ≈ 0.413 (see Fig. 4). For
the smooth surface the theory predict that the measured
work of adhesion ≈ 0.2 J/m2 is not influenced (reduced)
by the roughness on the PDMS surface.
4 Finger-glass adhesion experiments
Several recent experimental studies have shown that
when a tangential force is applied to a human finger
squeezed against a flat glass surface, the glass-finger nom-
inal contact area decreases[5, 8]. This has been tenta-
tively explained using the adhesion theory described in
Ref. [23]. However, we have performed adhesion experi-
ments for a finger in contact with a glass plate, and for
a dry finger we do not observe any macroscopic adhesion
so the explanation proposed in Ref. [23] cannot explain
the observed decrease in the contact area with increasing
tangential force.
Fig. 9 shows the interaction force between a human
finger and a dry glass plate cleaned by acetone and iso-
propanol. Case (a) (red curve) is for a not cleaned finger,
(b) (green curve) for a finger cleaned with soap water and
(c) (blue curve) for a clean wet finger. In case (a) and (b)
no (macroscopic) adhesion is observed, while in case (c)
do we observe adhesion with a pull-off force Fc ≈ 5.5 mN.
This is similar to what is expected if a capillary bridge is
formed between the glass surface and the finger. Thus for
a thick water film Fc ≈ 4piRγw, where the water surface
tension γw ≈ 0.07 J/m2 and R is the radius of curva-
ture of the finger. If we use R ≈ 0.7 cm we obtain the
observed pull-off force. However, the pull-off force de-
pends on the volume of water on the finger and if the
water volume is too small (less then ∼ 1 mm3) no ad-
hesion is observed which we interpret as resulting from
the skin surface roughness and the elastic rebound of the
deformed skin.
We believe that the reduction in the contact area ob-
served for the human finger with increasing lateral force
is due to the complex inhomogeneous (layered) nature
of the finger and to the large deformations involved.
It is also possible that the superposition of the normal
and parallel deformation fields assumed in most analytic
treatments is not accurate enough when the parallel de-
formations becomes large and coupling effects becomes
important. This conclusion is supported by finite ele-
ment calculations performed by Mergel et al[24] and more
recently by Lengiewicz et al [25](see also [26] and [11]),
which shows that even without adhesion there is a re-
duction in the contact area between an elastic cylinder
and a flat surface as a tangential force is applied to the
cylinder.
5 Summary and conclusion
In this article we studied two aspects of adhesion which
shed light into recent debates in contact mechanics (with
adhesion)[6, 23, 27]. First, we discussed the adhesion
paradox, the fact that adhesion is usually not observed
at macroscopic length scales. We presented experimen-
tal results and theoretical calculations which showed that
adhesion in most cases is “killed” by the long-wavelength
part of the roughness spectrum. Secondly, results of
adhesion experiments between a human finger and flat
smooth glass surface was presented. We found that there
was no macroscopic adhesion between these contacting
pairs in the dry state. Based on this result, we suggest
that the decrease in the contact area as reported in the
6literature[5, 8, 28] results from non-adhesive contact me-
chanics, involving large deformations of complex layered
material.
Acknowledgments J. Wang would like to thank
scholarship from China Scholarship Council (CSC) and
funding by National Natural Science Foundation of China
(NSFC): grant number U1604131.
[1] K. Kendall, Molecular adhesion and its applications: the
sticky universe, Springer Science and Business Media
(2007).
[2] B. N. J. Persson, On the mechanism of adhesion in bio-
logical systems, The Journal of chemical physics, 118(16),
7614-7621.
[3] B. N. J. Persson, O. Albohr, U. Tartaglino, A. I. Volok-
itin, E. Tosatti, On the nature of surface roughness with
application to contact mechanics, sealing, rubber friction
and adhesion, Journal of physics: Condensed matter,
17(1), R1.(2004)
[4] L Pastewka, MO Robbins, Contact between rough sur-
faces and a criterion for macroscopic adhesion, Proceed-
ings of the National Academy of Sciences 111, 3298
(2014).
[5] R. Sahli, G. Pallares, C. Ducottet, I.E. Ben Ali, S.A.
Akhrass, M. Guibert, J. Scheibert, Evolution of real con-
tact area under shear and the value of static friction of
soft materials, Proceedings of the National Academy of
Sciences 115, 471 (2018).
[6] M. Ciavarella, Universal features in stickiness criteria for
soft adhesion with rough surfaces. Tribology International
146, 106031 (2020).
[7] D. J. Meyer, M. A. Peshkin, J. E. Colgate, Fingertip
friction modulation due to electrostatic attraction, World
Haptics Conference (WHC), 2013, pp. 43-48 (2013).
[8] O. Sirin, A. Barrea, P. Lefevre, J.L. Thonnard, C. Bas-
dogan, Fingerpad contact evolution under electrovibra-
tion, Journal of The Royal Society Interface 16, 20190166
(2019).
[9] P.R. Nayak, Random Process Model of Rough Surfaces,
J. Lubrication Technol. 93, 398 (1971).
[10] G. Carbone, B. Lorenz, B.N.J. Persson, A. Wohlers Con-
tact mechanics and rubber friction for randomly rough
surfaces with anisotropic statistical properties, The Eu-
ropean Physical Journal E 29, 275 (2009).
[11] J.S. Persson, A. Tiwari, E. Valbahs, T.V. Tolpekina,
B.N.J. Persson, On the use of silicon rubber replica for
surface topography studies, Tribology Letters, 66, 140
(2018).
[12] O.D. Gordan, B.N.J. Persson, C.M. Cesa, D. Mayer, B.
Hoffmann, S. Dieluweit, R. Merkel On pattern transfer
in replica molding, Langmuir 24, 6636 (2008).
[13] B.N.J. Persson and E. Tosatti, The effect of surface
roughness on the adhesion of elastic solids, Jounal of
Chemical Physics 115, 5597 (2001).
[14] L. Dorogin, A. Tiwari, C. Rotella, P. Mangiagalli, B.N.J.
Persson, Role of preload in adhesion of rough surfaces,
Physical Review Letters, 118, 238001 (2017).
[15] S Dalvi, A Gujrati, SR Khanal, L Pastewka, A Dhino-
jwala, TDB Jacobs Linking energy loss in soft adhesion to
surface roughness, Proceedings of the National Academy
of Sciences 116, 25484 (2019).
[16] A. L. Barabasi, H. E. Stanley, Fractal Concepts in Surface
Growth Hardcover, Cambridge University Press (1995).
[17] B. N. J. Persson, On the fractal dimension of rough sur-
faces, Tribology Letters, 54(1), 99-106 (2014).
[18] A. Tiwari, L. Dorogin, A. I. Bennett, K. D. Schulze,
W.G. Sawyer, M. Tahir, B.N.J. Persson, The effect of
surface roughness and viscoelasticity on rubber adhesion,
Soft Matter, 13, 3602-3621 (2017).
[19] L. Dorogin, A. Tiwari, C. Rotella, P. Mangiagalli, B.N.J.
Persson, Adhesion between rubber and glass in dry and
lubricated condition, The Journal of Chemical Physics,
148, 234702 (2018).
[20] B. N. J Persson, I. M Sivebk, V. N Samoilov, K. Zhao, A.
I. Volokitin, Z. Zhang On the origin of Amontons friction
law, Journal of physics: condensed matter 20, 395006
(2008).
[21] B. N. J. Persson, Adhesion between an elastic body and
a randomly rough hard surface, The European Physical
Journal E, 8(4), 385-401 (2002).
[22] B. N. J. Persson and M. Scaraggi, Theory of adhe-
sion: Role of surface roughness, The Journal of chemical
physics, 141(12), 124701.
[23] A. Papangelo, J. Scheibert, R. Sahli, G. Pallares, M.
Ciavarella, Shear-induced contact area anisotropy ex-
plained by a fracture mechanics model, Physical Review
E 99, 053005 (2019).
[24] J.C. Mergel, J. Scheibert, R.A. Sauer, Contact with
coupled adhesion and friction: Computational frame-
work, applications, and new insights, arXiv preprint
arXiv:2001.06833, (2020).
[25] J. Lengiewicz, M. de Souza, M. Lahmar, C.
Courbon, D. Dalmas, S. Stupkiewicz, J. Scheib-
ert, Finite deformations govern the anisotropic shear-
induced area reduction of soft elastic contacts, (2020).
https://arxiv.org/abs/2005.02107.
[26] J.C. Mergel, R. Sahli, J. Scheibert, R.A. Sauer, Contin-
uum contact models for coupled adhesion and friction,
The Journal of Adhesion 95, 1101 (2019).
[27] G Violano, L Afferrante, A Papangelo, M Ciavarella
On stickiness of multiscale randomly rough surfaces, The
Journal of Adhesion 0, 1-19 (2019).
[28] R. Sahli, G. Pallares, A. Papangelo, M. Ciavarella,
C. Ducottet, N. Ponthus, J. Scheibert, Shear-induced
anisotropy in rough elastomer contact, Physical Review
Letters 122, 214301 (2019).
